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ABSTRAa 


This  report  covers  an  experimental  investigation  of  the  lateral 
dynamic  stability  characteristics  of  a  winged  GEM.  The  causes 
of  instability  are  determined  and  a  method  of  correcting  the 
condition  proposed. 
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SUMMARY 


The  results  of  experiments  looking  into  the  dynamic  behavior  of  winged 
ground  effect  machines  are  presented  in  a  qualitative  manner.  The 
work  Includes  smoke  tunnel  studies  and  wind  tunnel  experiments  with  a 
dynamic  model  of  a  winged  GEM.  The  study  was  initiated  because  of  an 
observed  dynamic  lateral  instability  during  low-speed  flight  tests  of 
a  full-scale  winged  GEM. 

The  cause  of  this  instability  has  been  deduced  to  be  related  to  tlie 
circulation-producing  effect  of  a  peripheral  jet  in  close  proximity 
to  the  wing.  It  is  shown  that  this  undesirable  behavior  can  be  elimi¬ 
nated  by  positioning  the  wing  high  on,  tlie  craft  and  allowing  the  center 
of  gravity  to  be  located  at  the  midpoint  of  the  mean  acudynamlc  chord. 
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INTRODUCTION 


During  recent  years  the  Princeton  group  engaged  in  ground  effect 
machine  research  has  become  most  interested  in  the  possibilities  of 
improving  GEM  performance  by  means  of  aerodynamic  lift. 

The  spectrum  of  design  possibilities  of  such  a  hybrid  concept  is 
indeed  broad,  and  after  careful  consideration  it  was  decided  that  the 
most  fruitful  research  could  be  accomplished  by  an  examination  of 
each  end  of  such  a  spectrum.  This  resulted  in  two  separate  but  re¬ 
lated  t..  jearch  programs,  both  of  which  were  sponsored  by  the  U.  S. 

Army  Transportation  Research  Command.  They  dealt  with: 

1.  The  effect  of  the  addition  of  wings  to  an  otherwise 
pure  GEM. 

2.  The  aerodynamic  characteristics  of  a  wingless  GEM  but 
one  so  shaped  as  to  produce  favorable  aerodynamic  forces 
and  moments. 

Each  of  these  Investigations  was  both  experimental  and  theoretical, 
and  the  experimental  portions  of  both  included  wind  tunnel  model 
testing  and  full-scale  flight  testing.  The  full-scale  testing  of 
the  winged  GEM  concept  utilized  a  modified  Curtiss-Wrlght  Air  Car 
because  of  its  60  miles-per-hour  top  speed  capability  and  because  of 
its  availability,  while  the  full-scale  flight  testing  of  the  shaped 
GEM  idea  utilized  the  Princeton  20-foot  circular  ground  effect 
machine  (P-GEM) .  Each  of  these  studies  indicated  the  possibility  of 
substantial  cruise  performance  improvement  by  means  of  aerodynamic 
lift.  This  work  is  reported  in  References  1  and  2. 

During  the  course  of  the  full-scale  flight  tests  of  the  modified  and 
winged  Curtiss-Wright  ACM-6  Air  Car,  which  is  shown  in  Figure  1,  a 
transient  dynamic  instability  was  repeatedly  experienced.  This  insta¬ 
bility  was  not  observed  in  the  tests  of  the  original  Air  Car  configura¬ 
tion.  Therefore,  it  appeared  that  the  instability  was  a  function  of 
the  addition  of  wings  to  the  craft,  although  the  real  cause  could  not 
at  that  time  be  deduced. 

The  nature  of  the  instability  was  both  dynamic  and  transient.  It 
appeared  to  be  about  the  longitudinal  axis  only,  producing  a  rapid  and 
divergent  roll  oscillation  in  the  speed  range  of  approximately  10  to 
20  miles  per  hour.  This  roll  did  not  appear  to  be  accompanied  by  any 
change  in  pitch  or  yaw,  nor  was  the  rapid  roll  present  above  or  below 
the  speed  range  stated  above.  The  roll  was  severe  in  that  it  became 
necessary  to  rapidly  accelerate  and  decelerate  through  this  critical 
speed  range  in  order  to  avoid  damage  to  the  craft.  A  typical  oscilla¬ 
tion  would  begin  quite  slowly  but  would  soon  increase  in  magnitude 
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until  the  landing  pads  of  the  machine  would  strike  the  ground  with 
enough  impact  to  cause  damage.  The  rapid  roll  was  also  observed  at 
any  steady-state  speed  within  the  critical  range.  This  behavior  of 
the  craft  did  not  seriously  affect  the  test  program  since  the  tech¬ 
nique  of  accelerating  the  craft  through  this  troublesome  speed  range 
was  quickly  developed.  Ihe  disconcerting  fact,  however,  was  that  the 
dynamic  instability  was  not  well  understood  and  for  that  reason  might 
appear  at  an  entirely  different  speed  range  in  a  winged  GEM  of  a 
different  design.  For  this  reason  it  was  deemed  advisable  to  enter 
into  a  model  study  to  define  the  cause  of  the  undesirable  behavior 
and  to  find  a  cure  for  this  instability.  This  report  covers  the  find 
ings  of  such  a  study. 
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DISCUSSION 


SMOKE  TUNNEL  MODEL  AND  TESTS 


In  order  to  determine  the  cause  of  the  problem  stated  in  the  preceding 
section,  it  was  decided  to  examine  the  external  aerodynamic  flow  about 
a  model  of  the  modified  Curtiss-Wright  Air  Car  in  the  Princeton  Univer¬ 
sity  3-  by  4-foot  three-dimensional  smoke  tunnel. 

An  existing  l/12th  scale  powered  model  of  the  craft  was  modified  for 
this  phase  of  the  program  as  shown  in  Figure  2  and  mounted  in  the  smoke 
tunnel  in  a  manner  permitting  a  wide  range  of  flight  attitudes. 

The  model  was  tested  through  a  range  of  yaw  angles  of  +  15°  and  through 
a  range  of  angles  of  attack  from  the  minimum  to  the  maximum  attainable 
for  each  value  of  the  height  parameter,  ^*/mac.  Several  values  of  the 
height  parameter  were  examined,  extending  from  ^/mac  =  .02  to  h/mac  =.!''. 
The  model  was  tested  both  fixed  in  roll  and  free  in  roll.  The  maximum 
roll  angles  were  limited  to  those  possible  for  the  particular  value  of 
^/mac . 

The  technique  employed  in  these  flow  visualization  experiments  was  to 
introduce  smoke  into  the  tunnel  external  of  the  model  at  approximately 
one  model  length  upstream.  The  position  of  the  smoke  injector  was 
varied  in  an  attempt  to  define  all  gross  flows  about  the  model.  Obser¬ 
vations  including  photographs  were  made  through  windows  on  both  the  top 
and  the  sides  of  the  test  section  and  through  a  porthole  downstream  of 
the  model.  The  momentum  coefficient,  C^  ,  was  varied  by  changing  tunnel 
speed  for  a  fixed  value  of  model  power  for  one  series  of  tests  and  by 
changing  model  power  for  a  fixed  value  of  tunnel  speed  in  another  series 
of  experiments.  Both  of  these  techniques  yielded  Identical  results  as 
discussed  below. 


TEST  RESULTS 


Figure  3  shows  a  selected  group  of  the  most  pertinent  photographs 
taken  in  the  smoke  tunnel.  Close  study  of  these  photographs  resulted 
in  the  information  necessary  to  construct  the  diagrams  of  Figure  4. 
Since  the  dominant  aerodynamic  flow  seemed  to  be  invariant  with  the 
height  parameter  through  a  modest  range  of  ^/mac,  a  rather  high  value 
was  selected  for  detailed  study  for  the  sake  of  convenience.  Also, 
since  the  flow  characteristics  seemed  to  be  dependent  only  upon  C^  , 
it  was  found  most  convenient,  to  set  the  wind  tunnel  speed  and  to  vary 
only  model  power.  It  will  be  noted  from  an  examination  of  both  Figures 
3  and  4  that  the  character  of  the  flow  is  strongly  a  function  of  C^  . 
Figure  4-a  shows  the  general  flow  about  the  wing  for  a  low  value  of 
Z  (i.e.,  low  model  power). 
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A  higher  value  of  model  power  at  the  same  forward  speed  caused  the  flow 
to  change  in  a  manner  shown  in  Figure  4-b.  This  is  comparable  to  a 
high  value  of  .  Additional  model  power  produced  a  further  change 

in  the  flow  as  shown  in  Figure  4-c.  Thus,  the  flow  patterns  of  Figure 
4  are  related  to  Cy#  in  the  following  general  manner: 

Figure  4-a  -  moderate  C 

Figure  4-b  -  high  C 

Figure  4-c  -  very  high  C 

By  noting  the  position  of  the  leading  edge  stagnation  point  for  each  of 
these  flow  conditions,  it  is  readily  seen  that  the  wing  lift  coefficient 
undergoes  a  severe  change  with  this  change  in  .  It  was  also  ob¬ 

served  that  the  flow  conditions  of  Figures  4-b  and  4-c  could  be  alter¬ 
nately  produced  through  the  incremental  range  required  for  each 

flow.  That  is,  a  very  definite  range  exists  which  permits  the  flow 

to  vary  from  that  shown  in  Figure  4-c  to  that  of  Figure  4-b.  Further, 
this  flow  is  asymmetric  relative  to  the  model  through  a  finite 
range.  This  means  that  during  an  acceleration  and  again  during  a  de¬ 
celeration,  a  range  is  passed  through  which  first  produces  the  con¬ 

ditions  of  Figure  4-c  on  one  wing  while  the  flow  of  Figure  4-b  exists 
on  the  opposite  wing  of  the  craft.  An  Instant  later,  the  flow  condi¬ 
tions  may  reverse.  This,  of  course,  produces  a  strong  rolling  moment 
which  would  create  lateral  oscillation  in  a  free-flight  craft.  Thus, 
the  flow  patterns  producing  the  alternating  lift  forces  seem  to  be 
defined.  The  exact  mechanics  of  the  combined  peripheral  jet  efflux 
and  the  free- stream  velocities  in  producing  these  resultant  flows  is, 
however,  a  matter  of  some  speculation.  A  possible  explanation,  and 
one  that  seems  reasonable  in  light  of  the  results  of  the  vast  amount 
of  research  conducted  in  the  past  with  circulation  control  systems,  is 
presented  below. 

It  is  necessary  to  consider  the  peripheral  jet  in  close  physical  re¬ 
lationship  to  the  wing  as  a  circulation  control  device.  As  such,  the 
momentum  coefficient  CyU  would  be  infinitely  high  during  the  hovering 
flight  of  the  hybrid  craft  and  would  diminish  to  lower  finite  values 
as  the  forward  speed  of  the  machine  is  increased.  The  variation  of 
incremental  lift  coefficients  with  is,  however,  very  analogous  to 

the  variation  of  lift  coefficient  with  angle  of  attack  of  a  fixed  wing. 
This  ^  Cl»  relationship  is  shown  in  a  general  way  in  the  diagram 

below : 
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In  general,  circulation  is  increased  with  increasing  until  at  some 
point  the  circulation  reaches  a  magnitude  that  the  wing  cannot  support 
At  this  point  there  is  a  definite  decrease  in  A  Cl  with  increasing 
values  of  .  The  initial  slope  of  the  curve  (*^ACL/dC^  ),  the  naturt 

of  the  top  of  the  curve  (whether  it  be  continuous  or  sho\>;  a  strong  dis¬ 
continuity),  and  the  character  of  the  curve  after  this  point  are  func¬ 
tions  of  the  geometry  of  the  system.  The  diagram  shown,  h(.)wcver,  can 
be  considered  a  very  general  presentation  of  the  typical  behavior  of 
a  blowing  circulation  control  system. 

The  point  B  can  be  considered  a  momentum  coefficient  stall.  It  is  the 
point  beyond  which  the  leading  edge  of  the  airfoil  cannot  remain  at¬ 
tached  due  to  the  supercirculation. 

In  the  case  of  the  winged  GEM  it  appears  that  the  very  high  values  of 
C >i.  at  very  low  forward  speeds  cause  the  flow  shown  in  Figure  4-c, 
which  would  be  on  the  portion  of  the  curve  labeled  A  in  the  Figure. 

As  the  forward  speed  of  the  craft  increases,  decreases,  causing 

the  A  Cl  fc'  maximize  as  shown  in  Figure  4-b.  This  corresponds  to 
point  B  on  the  diagram. 

Since  it  is  not  possible  to  construct  any  craft,  whether  it  be  model 
or  full  scale,  precisely  symmetrical  in  all  respects,  including  not 
only  its  geometry  but  also  the  distribution  of  the  Jet  efflux  (in  the 
case  of  a  peripheral  jet  machine),  it  is  reasonable  to  expect  that  as 
point  B  is  approached,  one  wing  will  attach  prior  to  the  other.  Thus 
a  rolling  moment  is  generated  due  to  the  as3rmmetric  span  lift  distri¬ 
bution,  which  in  turn  produces  an  asymmetric  downwash  distribution 
and  can  influence  the  jet  efflux  to  the  extent  of  completely  revers¬ 
ing  the  span  lift  distribution  at  this  critical  and  unstable  point  B. 
Also,  it  could  be  reasonably  argued  that  the  physical  roll  of  a  free- 
flight  craft  would  influence  the  jet  efflux  distribution,  which  at 
the  critical  point  B  would  cause  the  asymmetric  span  lift  distribu¬ 
tion  to  reverse  itself.  These  smoke  tunnel  findings  and  the  above 
deductions  are  offered  for  the  consideration  of  others.  They  are 
the  authors'  best  opinions  based  upon  the  facts  revealed  during  the 
study. 


THE  DYNAMIC  MODEL 


Two  philosophies  were  considered  in  the  determination  of  the  general 
configuration  of  the  dynamic  model.  The  first,  for  the  sake  of  con¬ 
sistency,  was  the  advisability  of  designing  a  model  geometrically 
and  dynamically  similar  to  the  winged  version  of  the  Cur tiss-Wright 
Air  Car.  The  second  approach,  and  the  one  adopted,  was  based  upon 
the  fact  that  the  dynamic  model  should  be  a  state-of-the-art  winged 
GEM.  Since  the  findings  of  the  smoke  tunnel  experiments  did  not 
indicate  that  the  behavior  of  the  model  was  strictly  limited  to  the 
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exact  geometry  of  the  machine  which  first  experienced  the  dynamic 
instability,  it  was  felt  that  some  desirable  changes  in  configuration 
could  be  tolerated  without  jeopardizing  the  validity  of  the  over-all 
s  tudy . 

The  purpose  of  the  dynamic  model  was  to  simulate  the  dynamic  behavior 
of  the  full-scale  winged  GEM  and,  more  importantly,  to  find  a  satis¬ 
factory  cure  for  the  lateral  instability  problem. 

For  the  reasons  mentioned  above,  it  was  decided  to  base  the  dynamic 
model  upon  a  design  of  an  optimized  winged  GEM  -  optimized,  that  is, 
to  the  extent  of  the  knowledge  in  hand  of  this  type  of  hybrid  craft. 
This  philosophy  and  the  preliminary  design  of  the  full-scale  craft 
are  presented  in  the  Appendix  of  this  report.  The  model  itself  was 
a  1/12  scale  model  of  this  design,  and  its  geometry  and  mounting  ar¬ 
rangements  are  shown  in  Figure  5;  a  photograph  of  the  model  is  shown 
in  Figure  6.  It  will  be  noted  in  Figure  5  that  the  model  was  equipped 
with  two  sets  of  wings,  one  with  a  straight  leading  edge  and  the  other 
with  a  45*^  swept  leading  edge.  Both  wings  are  of  the  same  area,  span 
and  aspect  ratio.  These  wings  were  mountable  in  two  longitudinal 
positions  (i.e.,  c.g.  (?  0%  mac  and  c.g.  @  .25  mac)  in  addition  to  be¬ 
ing  movable  to  three  vertical  positions- on  the  craft.  It  will  be 
noted  from  an  inspection  of  Figure  5  that  the  aspect  ratio  of  both 
sets  of  wings  was  2.2  and  that  the  airfoil  section  was  NACA  23012 
profile . 


DYNAMIC  TESTS 


The  dynamic  model  was  mounted  in  the  Princeton  University  2-  by  3- 
foot  three-dimensional  wind  tunnel  above  a  ground  plane  of  the  same 
area  as  the  floor  of  the  test  section.  The  model  was  free  in  roll, 
pitch  and  yaw  and  was  adjustable  vertically  for  the  various  values  of 
h/mac  desired.  Many  preliminary  tests  were  run  to  check  out  the 
behavior  of  the  craft  through  a  wide  range  of  variables  in  order  to 
determine  those  of  most  significance.  From  these  tests  it  was  de¬ 
termined  that  the  following  range  of  variables  would  most  probably 
define  the  general  dynamic  behavior  of  the  winged  GEM  concept: 

1.  Two  values  of  model  power 

2.  Accelerating  and  decelerating  forward  speed 

3.  Two  values  of  ^/mac  (^/mac  ■  .025  and  .05) 

4.  Two  longitudinal  positions  of  the  wing  (c.g.  @  .25  mac 
and  c.g.  .00  mac) 

5.  Two  vertical  positions  of  the  wing  (  %  /mac  ■  .10  and 

i/mac  »  .35) 


It  was  also  decided  to  repeat  the  experiments  looking  into  the  above 
set  of  variables  for  each  of  three  configurations: 

1.  No  wings 

2.  Straight  wings 

3.  Swept  wings 

The  model  was  tested  by  first  applying  the  desired  model  power  and 
then  starting  the  wind  tunnel  and  slowly  increasing  the  speed  of  the 
air  through  the  test  section.  It  was  subsequently  found,  however, 
that  much  smoother  decelerations  could  be  accomplished  than  was  the 
case  for  positive  acceleration.  Since  the  full-scale  craft  had  shown 
the  undesirable  rapid  roll  in  both  cases,  it  was  decided  to  concentrate 
the  major  attention  on  decelerating  flight.  Sensing  of  all  dynamic 
motion  of  the  model  was  accomplished  by  means  of  micro-torque  potenti¬ 
ometers  attached  to  the  gimble  assembly  within  the  model,  and  read-out 
was  by  means  of  a  four-channel  Carrier  amplifier  and  recorder.  Test 
section  velocity  was  sensed  by  a  calibrated  axial  flow  fan  in  the  free 
stream  driving  a  micro- torque  generator  also  reading  out  through  the 
same  amplifier  and  recorder. 


DYNAMIC  TEST  RESULTS 


The  most  significant  results  of  these  tests  are  shown  in  Figures  7 
through  20.  These  figures  cover  a  range  of  test  conditions  which 
seems  to  define  completely  the  importance  of  each  of  the  variables 
studied.  It  will  be  noted  that  each  figure  is  assigned  a  code  number 
which  by  reference  to  the  table  of  Figure  21  describes  the  conditions 
of  each  experiment.  It  will  be  noted  that  the  lowest  trace  on  each 
of  the  Figures  7  through  20  is  the  velocity  record.  One  millimeter 
of  displacement  of  this  curve  equals  1.9  ft/sec  of  velocity. 

Of  importance  in  interpreting  these  results  is  the  fact  that  where- 
ever  dutch  roll  occurs,  there  will  be  a  corresponding  oscillation  in 
yaw.  This  is,  however,  distinctly  different  from  the  rapid  roll  ex¬ 
perienced  with  the  full-scale  craft.  An  example  of  this  is  the  dutch 
roll  mode  shown  in  Figures  7  and  8.  It  appears  that  for  this  case 
(the  wingless  craft),  there  is  no  unrelated  rapid  roll  since  all  roll 
is  accompanied  by  a  distinct  and  severe  yaw  oscillation.  This  motion 
seems  to  be  independent  of  .  These  general  statements  appear  valid 

also  for  the  case  of  variations  of  the  height  parameter.  This  results 
from  a  comparison  of  Figures  8  and  9,  again  for  the  wingless  craft. 

For  the  case  of  the  high  swept  wing  at  a  high  ,  it  can  be  seen  by 

comparing  Figures  10  and  11  that  at  the  higher  value  of  h/mac  the 
dutch  roll  is  present,  but  for  a  reduced  value  of  ^/mac  the  dutch  roll 
is  damped  and  a  rapid  roll  is  experienced. 
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The  effect  of  varying  the  longitudinal  position  of  the  wing  on  the 
model  is  shown  in  a  comparison  of  Figures  11  and  12.  It  will  be 
noted  by  inspection  of  these  traces  that  the  dutch  roll  has  essen¬ 
tially  disappeared,  but  for  both  cases  a  rapid  roll  persists. 

In  order  to  determine  the  general  effect  of  the  vertical  position 
of  the  swept  wing,  Figures  12  and  13  are  compared.  It  is  seen  from 
these  figures  that  the  high  wing  position  produced  rapid  roll  only, 
while  the  lower  position  produces  both  rapid  roll  and  dutch  roll. 

For  this  same  wing  mounted  in  a  low  position,  it  is  seen  from  in¬ 
spection  of  Figures  13  and  14  that  the  effect  of  reducing  is 

to  eliminate  the  dutch  roll  tendency,  leaving  only  the  rapid  roll 
characteristics . 

For  the  case  of  the  high  straight  wing.  Figures  15  and  16  may  be 
compared.  It  will  be  noted  that  for  the  low  test,  a  pronounced 

dutch  roll  was  experienced;  however,  when  was  increased,  the 

roll  oscillation  became  predominantly  of  the  rapid  type  with  little 
of  the  dutch  roll  motion.  By  further  comparison  with  Figure  17,  it 
is  seen  that  by  moving  the  wing  closer  to  the  base  of  the  machine, 
the  dutch  roll  once  again  becomes  the  dominant  dynamic  characteristic. 

The  effect  of  c.g.  position  relative  to  the  mean  aerodynamic  chord 
can  be  determined  from  Figures  17  and  18.  It  will  be  noted  that 
dutch  roll  characteristics  seem  to  disappear  with  an  aft  movement  of 
the  c.g. ;  however,  rapid  roll  continues  for  this  configuration. 

Further  comparison  with  Figure  19  shows  a  return  of  the  dutch  roll 
mode  with  a  reduction  of  the  height  parameter  ^/mac. 

It  appears  from  these  experiments  that  the  straight  wing  is  generally 
superior  to  the  swept  wing  and  that  the  most  favorable  position  of 
the  wing  is  the  higher  position.  Also,  it  appears  that  the  position 
of  the  c.g.  is  quite  important,  the  aft  location  being  the  more  favor¬ 
able.  As  a  consequence  of  these  findings,  an  additional  configura¬ 
tion  was  tested  embodying  all  of  the  advantageous  geometric  parameters 
found  from  the  experiments  discussed  above.  This  final  configuration 
included  a  higher  wing  position  (  S  /mac  *  .45),  and  the  c.g.  moved 
aft  to  50  percent  of  the  mean  aerodynamic  chord.  The  results  of  tests 
with  this  arrangement  are  shown  in  Figure  20.  It  will  be  noted  that 
all  rapid  roll  has  vanished,  as  has  the  previously  noted  strong  dutch 
roll  tendency. 

Therefore,  it  appears  that  the  solution  to  the  problem  of  dynamic 
roll  irstability  of  a  winged  GEM  is  geometric  design,  the  most  impor¬ 
tant  aspect  of  which  is  to  remove  the  wing  from  the  vicinity  of  the 
base  of  the  ground  effect  machine.  These  dynamic  findings  seem  to 
agree  with  those  of  the  smoke  tunnel  study. 
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CONCLUSIONS 


I 


This  study  has  been  a  qualitative  one,  intended  to  provide  in  under¬ 
standing  of  the  causes  of  an  observed  dynamic  instability  of  a  winged 
ground  effect  machine.  Further,  the  research  was  directed  toward 
finding  a  general  solution  to  this  instability.  Careful  considera¬ 
tion  of  the  results  of  these  experiments  seems  to  justify  tin  follow¬ 
ing  conclusions: 

1.  A  periphera I- jet  ground  effect  machine  can  become  dynamically 
unstable  about  the  longitudinal  axis  at  low  values  of  foi-wird. 
speed,  with  the  addition  of  wings  near  the  base  of  the  craft. 
This  instability  will  generally  disappear  at  higher  air¬ 
speeds  . 

2.  The  cause  of  this  instability  appears  to  be  associated  with 
the  circulation-producing  effect  of  the  peripheral  jet  in 
close  proximity  of  the  wing. 

3.  The  magnitude  and  mode  of  this  dynamic  instability  can  be 
influenced  by  the  planform  cff  the  wing,  its  vertical  position 
on  the  craft,  and  the  position  of  the  center  of  gravity 
relative  to  the  mean  aerodynamic  chord  of  the  wing. 

4.  It  was  found  that  an  unswept  wing  mounted  high  on  the  GEM 
with  an  aft  location  of  the  c.g.  provided  a  general  solution 
to  the  problem.  It  was  determined  that  the  optimum  location 
of  the  wing  was  S  /mac  »  .45  and  that  the  most  desirable 
position  of  the  center  of  gravity  was  50  percent  of  the  mean 
aerodynamic  chord. 
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APPENDIX 


A  PRELIMINARY  DESIGN  STUDY 
OF  AN  OPTIMIZED  WINCED  GEM 


1.  DESIGN  PHILOSOPHY 


The  design  criteria  for  such  a  craft  as  outlined  here  was  arrived 
at  by  a  conference  with  Mr.  William  Sickles  and  Mr.  William  Hinshaw 
of  TRECOM  late  in  1962. 

It  was  decided  that  the  design  would  strive  to  achieve  the  following 
performance  characteristics: 

a)  1-ton  payload 

b)  8- inch  hover  height 

c)  2-foot  cruise  height 

d)  70-knot  cruise 

e)  2  hours  endurance  at  full  throttle 

f)  exceptional  maneuverability 

In  addition,  it  was  decided  that  the  width  of  the  machine  could  not 
exceed  10  feet  3  inches  in  order  that  it  be  air  transportable.  It 
will  be  noted  in  Figure  22  that  this  requirement  is  met  by  assuming 
the  wing  to  be  removable  or  retractable. 

The  craft  has  been  conceived  to  be  as  light  as  possible;  however, 
because  of  size  limitations  and  payload  requirements,  the  base  load¬ 
ing  is  unfortunately  about  twice  that  deemed  optimum.  But  it  is 
substantially  reduced  at  cruise  speed  by  the  lift  of  the  wings. 


2.  PRELIMINARY  WEIGHT  ANALYSIS 

Structure  ---------------  1200  lbs. 

Propulsion  Engine  -----------  150  lbs. 

Allison  T-63,  250  SHP 

Lift  Engine  --------------  200  lbs. 

Airesearch  M  331,  456  SHP 

Fuel  (2  hours)  ------------  1150  lbs. 

(with  30  min.  reserve) 

Wing  ------  -----------  200  lbs. 
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Pay  l(iad 


2000  Iba. 


Control  System  -----------  100  lbs. 

Design  Cross  Weight  -----  5000  lbs. 


3.  PERFORMANCE  ESTIMATION 


The  performance  estimation  for  the  optimized  winged  GEM  was  tai'ried 
out  in  two  parts,  one  to  determine  the  craft's  characteristii  ^ 
a  pure  GEM  and  a  second  to  determine  its  cruise  characteristics  as 
a  winged  GEM, 

A)  Pure  GEM 

From  Reference  3,  the  static  lift  augmentation  curve  shown  in  Figure 
23  was  deduced  from  previous  experimental  results.  For  the  5000 
pounds  gross  weight  condition  and  assuming  mvj  =  2  pounds/brake  horse¬ 
power,  the  static  lift  augmentation  would  have  to  be  approximately 
5.55.  This  yields  a  hover  height  at  100  percent  throttle  of  .12  h/w, 
or  approximately  1.2  feet.  Since  this  is  considerably  higher  than 
that  required,  it  was  at  first  thought  wise  to  select  a  lower  power 
lift  engine;  however,  experience  has  shown  that  the  availability  of 
additional  power  is  highly  desirable  in  GEM  operation.  The  question 
of  the  lateral  static  stability  of  the  craft  in  the  pure  GEM  condition, 
particularly  at  its  maximum  hover  height  of  1.2  feet,  was  expected  to 
be  solved  by  the  addition  of  a  single  longitudinal  compar tmenta t ion 
slot.  But  it  was  felt  that  the  compartments tion  slot  would  not  be 
necessary  since  the  craft  is  unstable  through  only  a  small  angular 
range,  becoming  neutrally  stable  at  (3  =  1"  4°  and  rapidly  increasing 
in  static  stability  with  increasing  angle  of  roll.  Since  the  ma¬ 
chine  would  have  a  maximum  hovering  roll  angle  capability  of  at  least 
11°,  it  was  felt  that  the  inherent  stability  of  the  base  configura¬ 
tion  would  be  adequate.  If  this  proves  to  be  inadequate,  there  is 
enough  power  available  to  add  a  compartmentation  slot  and  still  meet 
the  hover  requirement  of  8  inches.  There  appears  to  be  no  longitu¬ 
dinal  static  stability  problem. 

B)  Winged  GEM  Condition 

By  inspection  of  Figure  22,  with  its  rather  arbitrary  vertical  posi¬ 
tion  of  the  wing,  it  was  decided  that  at  a  cruise  height  of  2  feet 
the  mac  would  be  approximately  .66  mac  above  the  ground.  From  Re¬ 
ference  4  it  was  determined  by  Interpolation  that  this  aspect  ratio 
of  2.7  wing  should  have  an  L/p  max.  of  approximately  11.5  at  ^/mac 
=  .66  and  a  lift  coefficient  *  0.6. 
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In  order  to  arrive  at  a  reasonable  value  of  total  wing  lift  co¬ 
efficient,  a  33  percent  carry-over  of  lift  through  the  body  of  the 
craft  was  assumed.  This  is  always  a  difficult  value  to  determine. 
It  is  obvious,  however,  that  lift  will  not  fall  to  zero  at  tlie 
wing  root  unless  there  is  a  wide  gap;  it  is  also  obvious  that  the 
profile  of  the  craft  is  substantially  less  effective  as  a  wing 
than  the  wing  panels  themselves.  Therefore,  it  appears  reasonable 
that  this  value  of  33  percent  carry-over  cannot  be  far  from  the 
truth.  To  further  substantiate  this  assumption,  reference  is  made 
to  the  Princeton  Winged  GEM  Final  Report  No.  657,  which  indicates 
that  this  value  of  carry-over  appeared  valid  for  the  full-scale 
Curtiss-Wright  Air  Car  flight  results.  At  any  rate,  a  weighted 
average  lift  coefficient  for  the  entire  wing  appears  to  be  approxi¬ 
mately  0.4  based  upon  150  ft2  of  wing  immersed  in  the  body  of  the 
GEM  and  180  ft^  of  wing  in  the  free  stream. 

It  was  further  assumed  that  a  momentum  drag  recovery  of  33  percent 
could  be  achieved  by  means  of  adjustable  or,  possibly,  fixed  vanes 
in  the  side  nozzles  of  the  craft.  However,  there  has  been  con¬ 
siderable  disappointment  experiencec  by  GEM  designers  in  the  amount 
of  mvj  recovery  due  to  ^  vanes.  For  that  reason  and  because  the 
assumed  value  of  thrust  propeller  efficiency  of  .8  may  be  optimis¬ 
tically  high,  the  performance  computations  do  not  include  any  mo¬ 
mentum  drag  recovery. 

Additional  information  required  before  actual  performance  computa¬ 
tions  could  be  made  was  a  fairly  accurate  estimation  of  the  craft's 
form  drag,  minus  wings.  This  was  obtained  from  the  unpublished 
wind  tunnel  results  shown  in  Figure  24.  These  tests  were  conducted 
at  Princeton  during  the  summer  of  1962  to  aid  in  the  analysis  of 
the  winged  GEM  studies  then  underway. 

Figure  24  clearly  shows  the  beneficial  effect  of  fairing  the  nose 
and  tail  of  an  otherwise  box-shaped  GEM.  Since  the  machine  is 
similar  in  profile  to  the  faired  version  of  the  Curtiss-Wright  Air 
Car,  a  value  of  Cjjq  of  0.07  was  assumed  at  ot  =  0°  for  the  former 
machine . 

From  the  geometry  of  the  base  (^j/S  =  .1)  and  from  the  assumed 
vqlue  of  900  pounds  of  full  throttle  mvj  ,  vj  was  determined  to  be 
135  ft/sec  and  m  =  6.7  lbs  sec/ft. 

The  foregoing  assumptions  and  information  yield  the  following  table 
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From  the  results  of  these  computations,  curves  shown  in  Figures  25 
and  26  were  constructed.  Figure  25  shows  the  effect  of  the  wings  in 
permitting  the  craft  to  fly  at  lower  lift  augmentation  ratios  with 
increased  forward  speed.  From  this  figure  values  of  A'  were  taken 
for  selected  speeds,  and  these  values  of  A'  were  converted  to  ^/w  by 
means  of  Figure  23.  This  procedure  yielded  the  height-versus-velocity 
curve  shown  in  Figure  26.  Also  shown  on  Figure  26  is  the  thrust- 
horsepower-required  curve.  The  Allison  T-63  gas  turbine  was  selected 
as  the  propulsion  engine.  This  engine  has  a  f ul 1- throttle  power  of 
250  brake  horsepower  and,  considering  a  propeller  efficiency  of  p 
=  0.8,  it  appears  that  200  thrust  horsepower  might  be  attained  at 
that  power  setting. 

In  summary,  the  performance  of  the  craft  is  as  follows: 


Hover  height  ------------  --1.2ft. 

V  max.  -----------------  67  kts. 

Height  at  V  max.  ----------  --2. 6ft. 

Lift  power,  Airesearch  M  331  ------  450  3HP 

Thrust  power,  Allison  T-63  -------  250  BHP 

Endurance  at  full  throttle  -------  2  hrs. 

Payload  ---------------  -2000  lbs. 
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A  .  CONTROL  SYSTEM 


It  iins  hoc  oino  apparent  over  the  years  that  a  GEM,  particularly  erne 
with  lii^h  ground  clearance,  must  have  attitude  control  about  all  three 
axes.  Ihis  attitude  control,  while  important  for  trim,  also  provides 
optimum  maneuvering  torces  at  Iciw  speeds.  It  i?  suggested  that  this  be 
accomplished  by  spoilers  or  throttling  vanes  in  the  peripheral  nozzle. 
Directiotial  control  would  be  accomplished  by  mounting  the  thrust  engine 
(at  Its  c.g.)  on  a  swiveling  mount. 

Control  at  cruise  speeds  and  above  would  be  by  means  of  air  rudders, 
a  horizontal  trimmer  spanning  the  twin  fins,  and  ailerons  on  the  wing, 
braking  would  be  accomplished  by  means  of  a  reversible  prc>peller  on 
the  thrust  engine  and,  if  necessary,  controllable  ^  vanes.  Figure  27 
shows  the  general  arrangement  of  a  proposed  dynamic  wind  tunnel  model 
of  this  craft.  No  dimensions  are  shown  in  Figure  27  because  it  has  not 
yet  been  determined  which  of  the  Princeton  tunnels  will  be  used  for  the 
experiments.  It  will  be  noted  that  the  model  is  electrically  powered, 
with  the  motor  located  at  the  c.g.  The  mounting  system,  permitting 
three  degrees  of  freedom,  is  fastened  to  the  model  at  the  c.g.  by  means 
of  a  yoke  which  surrounds  the  motor.  Also  shown  are  three  vertical 
positions  of  the  wing,  two  planforms,  and  two  longitudinal  wing  positions. 
Roll,  pitch  and  yaw  displacements  will  be  sensed  by  micropotentiometers 
of  each  axis  and  recorded  on  a  three-channel  recorder  for  each  of  several 
airspeeds,  geometric  configurations,  and  ground  clearances. 
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Scale  Winged  GEM  (Moditiod  C-W  Air  Car). 


FIGURE  2.  Wind  Tunnel  Model  (Modified  C-W 
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FIGURE  3.  Smoke  Flow  Studies  About  Winged  CFCM  Model. 
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FIGURE  3  contd.  Smoke  Flow  Studies  About  Winged  GEM  Model. 
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KU'RJC  5.  General  Characteristics  of  Dynamic  Mode 
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FIGURE  7.  Dynamic  Behavior  of  Winged  GEM  Model  -  Code  1. 
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FIGURE  9.  Dynamic  Behavior  of  Winged  GEM  Model  -  Code  3, 
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FIGURE  10.  Dynamic  Behavior  of  Winged  GEM  Model  -  Code  4. 
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FIGURE  11.  Dynamic  Behavior  of  Winged  GEM  Model  -  Code  j. 
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FIGURE  12,  Dynamic  Behavior  of  Winged  GEM  Model  -  Code  6. 
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FIGURE  13,  Dynamic  Behavior  of  Winged  GEM  Model  -  Code  7 
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FIGURE  15.  Dynamic  Behavior  of  Winged  GEM  Model  •  Code  9. 
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FIGURE  16.  Dynamic  Behavior  of  Winged  GEM  Model  -  Code  10. 
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FIGURE  17.  Dynamic  Behavior  of  Winged  GEM  Model  -  Code  11. 
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FIGURE  18.  Dynamic  Behavior  of  Winged  GEM  Model  -  Code  12. 
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FIGURE  19.  Dynamic  Behavior  of  Winged  GEM  Model  *  Code  13. 
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FIGURE  20.  Dynamic  Behavior  of  Winged  GEM  Model  -  Code  1A-. 
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A  Summary  of  the  Dynamic  Behaviour  of  the 
Various  Configurations  Tested 


Code 

Var  iab  le 

Wing  Type 

Constant 

1 

2 

low  C^ 
high  C^ 

no  wing 

^^/mac  =  ,05 

2 

3 

HMBBBHB 

no  wing 

high  C  f*. 

4 

5 

^/mac  =  .05 
‘Vmac  =  .025 

swept  wing 

high  C^ 
high  wing, 
c.g.  0  .25  mac 

5 

6 

c  .  g .  (?  .25  mac 
c  .  g  .  (3  .00  mac 

swept  wing 

high  Cm 
"/mac  =  .025 

high  wing,  -• .  3? 

6 

7 

high  wing  ^=^-35 

low  wing  JO 

swept  wing 

high  C/x 
"/mac  *  .025 
c.g.  0  .00  mac 

7 

8 

high  C^ 
low  C  ^ 

swept  wing 

h/mac  *  .025 
low  wing, 
c.g.  0  .00  mac 

B 

low  C  ytt 
high 

straight  wing 

h/mac  =  .05 
high  wing, 
c.g.  0  .00  mac 

1 

10 

11 

high  wing^^-’^ 
low  wing 

straight  wing 

t^/mac  »  .05 
high  C /x 
c.g.  0  .00  mac 

11 

12 

c  .  g .  (3  .00  mac 
c.g.  0  .25  mac 

straight  wing 

^*/mac  *  .05 
high 

low  wing,  s  .  »o 

B 

^/mac  =  .05 
/ma  c  *  .025 

straight  wing 

high  C/u- 

low  wing,  ^/th«c  =  .10 
c.g.  0  .25  mac 

14 

straight  wing 

low  C^  ,  ^/mac  «  .05 
c.g,  0  .5  mac 

very  high  wing,/C.«i^® 

FIGURE  21.  Summary  of  Dynamic  Behavior  of  Winged  GEIM  Model. 


41 


I  Layout  Optimized  Winged  GEM. 
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FIGURE  24.  Power  Off  Drag  Characteristics  of  C-W  Air  Car. 
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